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ABSTRACT: Graphene-analogue hexagonal boron nitride
(G-h-BN), as a novel few-layer material, was prepared and
used as a support to coat with tungsten-based ionic liquid (IL)
in oxidative desulfurization. Designed G-h-BN supported with
tungsten-based IL (IL/G-h-BN) heterogeneous catalyst was
characterized by atomic force microscopy, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, transmis-
sion electron microscopy, X-ray diffraction, Raman and X-ray
photoelectron spectroscopy. This few-layer material supported
with IL strategy makes the usage amount of IL reduce
remarkably, which not only presents excellent catalytic activity
but also is superior to homogeneous catalysts of ILs themselves. Additionally, compared with the multilayer hexagonal boron
nitrides (M-h-BN) or commercial bulk BN supported with IL, the IL/G-h-BN catalyst exhibited better catalytic activity in
oxidation of dibenzothiophene, reaching 99.3% sulfur removal. The adsorption and catalytic oxidative desulfurization mechanism
was further studied by gas chromatography−mass spectrometry, Fourier transform infrared spectroscopy, X-ray diffraction and
UV-diffuse reflectance spectroscopy. Moreover, the IL/G-h-BN catalyst could be recycled five times with little decrease in
catalytic activity.
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■ INTRODUCTION

Ionic liquids (ILs), as liquid ion compounds, have been
extensively used as solvents in organic reactions.1−4 To enlarge
the range of the applications of ILs, task-specific ILs are
developed not only as solvents but also as catalysts.5−7 In
recent years, task-specific ILs have been widely applied in
oxidation of starch,8 epoxidation of alkenes,9 hydrogenation of
carbon dioxide,10 adsorption of SO2,

11 desulfurization,12−18 etc.
Although these biphasic reactions occurring in task-specific ILs
exhibit good catalytic activity, they still suffer from some
disadvantages, such as high cost and large usage amount of
ILs,19,20 imposing restrictions on the development of ILs. To
overcome these limitations, heterogeneous solid catalyst,
supported IL phase materials have been introduced because
they not only decrease the cost and the usage amount of ILs
but also facilitate separation and utilization in a supported-bed
reactor.5,7,21−24 However, most of the heterogeneous catalysts
have a lower catalytic ability than homogeneous IL catalysts
because of the lower exposure degree of the catalytic sites. Xiao
et al.25 found that heterogeneous catalysts of ILs functionalized
on superhydrophobic mesoporous polymers could exhibit
much higher activities in transesterification than homogeneous
catalysts of the ILs themselves.22 Therefore, it is important to

choose an appropriate support to increase the catalytic activity
of heterogeneous supported IL catalysts.
By now, silica gel,26 mesoporous silica,27−29 alumina,30

carbon nanotubes,31 MgO,32 metal organic frameworks,33 etc.
supports have been used to immobilize ILs. However, different
supports have their own shortages. For instance, the specific
surface area of oxides (MgO) is very small, causing low
efficiency of supporting. Though porous materials have large
specific surface areas, the pores of porous materials would be
blocked and aggregated easily, leading to recycling difficulties.
Therefore, it is a vital key to develop a support with large
specific surface area, high activity and recyclability. Graphene-
analogue hexagonal boron nitride (G-h-BN), as a novel few-
layer material, has attracted increasingly attention due to its
special layered structure and large Brunauer−Emmett−Teller
(BET) surfaces34−37 and special sp2-bonded layered feature of
G-h-BN presents outstanding durability and adsorption
capacity, indicating that it is a good structural supportive
material in series of potential applications.38−40 Task-specific
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ILs can disperse highly onto large BET surfaces G-h-BN,
showing remarkable synergetic adsorption effects to enhance
the catalytic activity of ILs. By this way, a greatly dispersed, high
active, easily reusable catalyst can be obtained. As a layered
material, the number of layers of h-BN has an important effect
on its specific surface area, further affecting the loading
efficiency and catalytic activity.
Oxidation of aromatic sulfides is an important reaction due

to the promising potential applications in oxidative desulfuriza-
tion of fuels.41−51 Aromatic sulfides can be oxidized selectively
to sulfoxides and sulfones, which can be removed by polar
extractants or adsorbents. In this way, ultralow sulfur fuels can
be achieved.52−54 Here, a tungsten-based task-specific IL
[(C6H13)3PC14H29]2W6O19 was highly dispersed on G-h-BN
to obtain G-h-BN supported with ionic liquid (IL/G-h-BN)
catalyst. This as-prepared heterogeneous IL/G-h-BN catalyst
showed high catalytic activity in oxidative desulfurization, which
can be attributed to the following reasons. (1) G-h-BN as a
novel few-layer support with large BET surfaces is beneficial for
the dispersion of ILs. (2) Large BET surfaces of G-h-BN are
responsible for excellent adsorptive performance to substrates
and oxidant, which can form a microenvironment with high
concentration of reaction system on the surface of the catalyst.
So, compared with the homogeneous catalysts of ILs, this few-
layer material supported with IL strategy presents excellent
catalytic activity, which not only makes the usage amount of
tungsten-based IL, the reaction temperature and hydrogen
peroxide consumption decrease remarkably, but also surpasses
the catalytic activity of solely homogeneous ILs themselves.
Moreover, the IL/G-h-BN exhibited much higher desulfuriza-
tion than multilayer h-BN (M-h-BN) and commercial available
BN supported with ionic liquid catalysts. The as-prepared
catalyst could be separated easily by centrifugation and recycled
five times without significant decrease in catalytic activity.

■ EXPERIMENTAL SECTION
Materials. Boric acid (H3BO3, AR grade), urea (CO(NH2)2, AR

grade), hydrogen peroxide (H2O2, 30 wt %), methylene chloride
(CH2Cl2, AR grade) and n-octane (AR grade) were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. and used without
purification. [(C6H13)3PC14H29]Cl (99%), dibenzothiophene (DBT,
98%), thianaphthene (BT, 99%), 4,6-dimethyldibenzothiophene (4,6-
DMDBT, 97%) and tetradecane (99%) were purchased from Sigma-
Aldrich without purification.
Preparation of Catalyts. Synthesis of Few-Layer G-h-BN. Boric

acid and urea with a molar ratio (1:24) were dissolved in 40 mL of
ultrapure water. The solution was heated at 65 °C until the water was
evaporated completely. The mixtures were heated at 5 °C/min from
room temperature to 900 °C in N2 atmosphere and remained 2 h to
get the G-h-BN product.55 Multilayer M-h-BN was prepared in the
similar procedure only changing the different molar ratio (1:12) of
boric acid and urea.
Synthesis of Tungsten-based IL. 8.25 g of Na2WO4·2H2O was

stirred in an acetic anhydride (10 mL)−dimethylformamide (7.5 mL)
mixture for 3 h at 100 °C. A mixture of acetic anhydride (5 mL),
dimethylformamide (12.5 mL) and concentrated hydrochloric acid
(4.5 mL) was then added. After 2 h at 100 °C, the white residue was
filtered. The solution was decanted after reacting with 5.84 g of
[(C6H13)3PC14H29]Cl, and [(C6H13)3PC14H29]2W6O19 was left at the
bottom. The crude liquid product was washed out by acetonitrile,
whose melting point is −48 °C.56

Synthesis of IL/G-h-BN and IL/M-h-BN Catalysts. To get G-h-BN
and M-h-BN supported with IL, IL and BN (G-h-BN, M-h-BN and
commercial available BN) with a mass ratio 1:9 were mixed in
methylene chloride and stirred for 3 h at room temperature and dried
in vacuum at 110 °C. The as-prepared G-h-BN and M-h-BN supported

with IL were denoted as IL/G-h-BN, IL/M-h-BN and IL/commercial
available BN, respectively.

Desulfurization of Model Oil. Different model oils were prepared
as follows: DBT, BT and 4,6-DMDBT were dissolved in n-octane to
form model oils with the corresponding S-content of 500, 250 and 250
ppm, respectively.

In a typical oxidative desulfurization process, after a required
amount of catalyst was added to a homemade 40 mL two-necked flask,
30 wt % H2O2 and 5 mL model oil were poured into the flask, and
then the mixed solution was stirred vigorously in a thermostatic water-
bath. After the reaction, the upper liquid phase samples were
periodically withdrawn and separated by centrifugation before sulfur
content was analyzed. The oil sample was analyzed on a gas
chromatography flame ionization detection (GC-FID, Agilent 7890A,
HP-5 column, 30 m long × 0.32 mm inner diameter (id) 0.25 μm film
thickness) instrument with tetradecane as an internal standard. The
process started at 100 °C and the temperature was increased to 200 °C
at the rate of 15 °C·min−1. Sulfur removal in model oil was used to
figure the conversion of DBT.

Characterization methods. Fourier transform infrared spectros-
copy (FT-IR) spectra of the reactants and the products were obtained
on a Nicolet Nexus 470 Fourier transform infrared spectrometer, using
KBr pellets at room temperature. Ultraviolet−visible diffuse reflectance
spectrosopy (UV−DRS) measurements were recorded on a Shimadzu
UV-2450 spectrophotometer equipped with spherical diffuse reflec-
tance accessory in the range of 200−800 nm, using BaSO4 as the
reflectance standard material. The surface morphologies of samples
were analyzed by field emission scanning electron microscopy (SEM,
Leo Supra 35VP), which was performed at 2−15 keV accelerating
voltage. An energy-dispersive X-ray (EDS) analyzing system was used
to conduct the elemental analysis. X-ray photoelectron spectroscopy
(XPS) spectra were recorded on a ESCALAB250 (Thermo VG, UK),
in which standard monochromatic Al Kα excitation was 1486.6 eV.
Raman tests were carried out using Thermo Scientific DXR Smart
Raman spectrometer equipped with a 532 nm excitation. The shape of
h-BN and the appearance of IL/h-BN were observed by transmission
electron microscopy (TEM, Hitachi H-700). The crystalline phase was
measured by X-ray diffraction (XRD) using a D8 ADVANCE X-ray
diffraction equipped with Cu Kα radiation (λ) 1.5406 (Å), employing
a scanning rate of 0.02° s−1 in the 2θ range from 10 to 90°. Atomic
force microscopy (AFM) was applied to investigate the layers of h-BN.
Brunauer−Emmett−Teller (BET) analysis was employed to calculate
the specific surface area of h-BN and IL/h-BN. Meanwhile, gas
chromatography−mass spectrometry (GC−MS) was taken to research
the mechanism of adsorption coupled with oxidative desulfurization.

■ RESULTS AND DISCUSSION
Characterizations of Catalysts. Atomic force microscopy

(AFM) was performed in order to prove the layers of G-h-BN
were less than those of M-h-BN. AFM images of G-h-BN and
M-h-BN are shown in Figure 1, and thickness of G-h-BN and
M-h-BN was about 3 and 8 nm, respectively. This result
indicated that as-prepared h-BN had different layers, which may

Figure 1. AFM images of G-h-BN and M-h-BN.
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lead to different specific surface areas. So, the BET surface areas
of the G-h-BN, IL/G-h-BN, M-h-BN and IL/M-h-BN samples
were done in order to prove this speculation. Their values were
167.0, 62.5, 53.9 and 26.4 m2/g, respectively. It can be
concluded that the specific surface area increased with the
decrease of layers of h-BN. Moreover, when IL was supported
onto h-BN, the specific surface area of h-BN decreased, which
may result from the formation of IL layered thin film on the
surface of h-BN, causing the aggregation of h-BN powder.
Scanning electron microscopy (SEM) and energy-dispersive

X-ray spectroscopy (EDS) analyses of G-h-BN and IL/G-h-BN
were carried out to investigate the surface morphologies and
the elemental composition (Figure 2). As shown in Figure 2a,

G-h-BN presented a typical structure of graphene-analogue
material. The structure of IL/G-h-BN was similar to that of G-
h-BN (Figure 2b). As shown in Figure 2c, only B and N exist in
G-h-BN, while B, N, C, P, W and O can be found in IL/G-h-
BN, which proved G-h-BN (Figure 2d), supported with
tungsten-based IL successfully.
X-ray photoelectron spectroscopy (XPS) is employed to

investigate the compositions and element chemical states of IL/
G-h-BN and exhibited in Figure 3a. All elements B, N, O, C, W
and P in IL/G-h-BN were detected in the XPS spectrum. The
binding energies for B 1s and N 1s peaks were 190.30 and
397.94 eV, respectively (Figure 3b and Figure 3c). These values
matched with previous report for h-BN,40,57 which indicated
that the synthesized BN may be hexagonal phase.53 Raman
spectra of G-h-BN and IL/G-h-BN were displayed in Figure 3d.
They presented the sharp peak at 1374.2 cm−1, which was
contributed to B−N vibrational mode (E2g) within G-h-BN
layer.58 Compared with previous report of bulk h-BN E2g
(1370.9 cm−1), the E2g mode of G-h-BN shifted to a higher
frequency, proving that the as-prepared h-BN was few-layered
h-BN.58,59 It also can be seen from Figure 3d that the E2g value
of IL/G-h-BN was the same as that of G-h-BN, demonstrating
that the structure of G-h-BN was intact after G-h-BN was
supported with IL.
Transmission electron microscopy (TEM) analysis of G-h-

BN is presented in Figure 4a, indicating that the as-prepared G-
h-BN was of the graphene-like structure. Meanwhile, a TEM
image of IL/G-h-BN in Figure 4b demonstrated the structure of

IL/G-h-BN remained to be a layered structure. Figure 4c is
high resolution (HRTEM) image of Figure 4a. It indicates that
h-BN is the overlayer with few layers (4−8 layers). Figure 4d is
the fast Fourier transform (FFT) image of Figure 4c. It can be
seen that the G-h-BN was with a polycrystalline structure. In
the FFT image, two lattice planes, which were ⟨002⟩ lattice and
⟨100⟩ could be found. A layer-to-layer distance (⟨002⟩ lattice)
was 0.349 nm, a little larger than the ⟨002⟩ interplanar distance
in bulk h-BN34 due to surface atom relaxation. Such result was
further confirmed by XRD patterns (Figure 4f) with a deduced
lattice parameter d002 = 0.348 nm. The obtained inplane lattice
spacing (d100 = 0.215 nm) in HRTEM calculations was also
close to that obtained in XRD patterns (d100 = 0.211 nm). A
HRTEM image of G-h-BN is shown in Figure 4e, and a
hexagonal structure can be observed. The distance between the
two neighboring bright reflections was 0.251 nm, perfectly
corresponding to that in the B−B or N−N atom separations in
h-BN.60 XRD patterns of G-h-BN and IL/G-h-BN are
presented in Figure 4f, and the results demonstrated that all
the peaks of the h-BN and IL/h-BN samples were readily
indexed to the standard hexagonal phase of h-BN (JCPDS Card
No. 34-0421). Moreover, the two main peaks still could be
found in the XRD pattern of IL/h-BN, proving that the
structure of h-BN was not destroyed after h-BN was supported
with IL.
FT-IR spectra of G-h-BN, IL and IL/G-h-BN are listed in

Figure 5. For G-h-BN (Figure 5a), the adsorption band
centered around 1382 cm−1 was attributed to in-plane B−N
transverse optional modes of hexagonal boron nitride.61 The
last peak 804 cm−1 was N−B stretching vibration modes.62 FT-
IR spectrum of IL is depicted in Figure 5b. The bands at 976,
890 and 814 cm−1 were due to the vibrations of W−O, W−O−
W (octahedral corner-sharing) and W−O−W (octahedral
edge-sharing), respectively.63 The peak around 2920 cm−1

was ascribed to C−H stretching vibration. The FT-IR spectrum
of IL/G-h-BN is presented in Figure 5c. The bands of IL and
G-h-BN could still be detected, but the intensity of peaks at 975
and 812 cm−1 were too weak to be found, which may result
from that the amount of IL loaded onto G-h-BN was very low.

Figure 2. SEM image and EDS analysis of G-h-BN (a, c) and IL/G-h-
BN (b, d).

Figure 3. XPS and Raman spectra of G-h-BN and IL/G-h-BN XPS
spectrum of IL/G-h-BN; (b, c) XPS spectra of B and N 1s core level,
respectively; (d) Raman spectra of G-h-BN and IL/G-h-BN.
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Ultraviolet−visible diffuse reflectance spectra (UV-DRS) of
G-h-BN, IL and IL/G-h-BN are presented in Figure 6. A broad
peak between 360 and 305 nm of IL was presented (Figure 6a),

whereas a sharp peak at 240 nm was found in the spectrum of
G-h-BN (Figure 6c). The two peaks were also found in the
DRS of IL/G-h-BN (Figure 6b), proving that G-h-BN had been
supported with IL fatherly. The band gap energy of BN was
calculated based on UV-DRS and discussed in detail, which was
an important method to clarify the crystal form of h-BN.
(Figure S1, Supporting Information) The calculated value of as-
prepared BN was 5.25 eV, further proving that this BN was a
hexagonal phase.64

Investigation of Desulfurization Efficiency and Re-
action Mechanism. The different desulfurization experiments
were carried out using DBT-containing n-octane as model oil
and with H2O2 as the oxidant. DBT was selected as an aromatic
sulfur compound representative for it was one of the main
refractory sulfur-containing compounds in the HDS treatment.
Adsorptive desulfurization of 0.05 g of G-h-BN, M-h-BN and
commercial bulk BN is listed in Table 1 and sulfur removal was

Figure 4. TEM images and XRD pattern of G-h-BN and IL/G-h-BN (a) TEM image of G-h-BN; (b) TEM image of IL/G-h-BN; (c) HRTEM of G-
h-BN; (d) FFT image of panel c; (e) HRTEM image of G-h-BN; (f) XRD pattern of h-BN and IL/h-BN.

Figure 5. FT-IR spectra of G-h-BN(a), IL(b) and IL/G-h-BN(c).

Figure 6. UV-DRS spectra of (a) IL; (b) IL/G-h-BN; (c) G-h-BN.

Table 1. Sulfur Removal of Different Desulfurization
Systemsa

entry reaction system sulfur removal (%) TOF (h−1)b

1 G-h-BN 39.4
2 M-h-BN 32.5
3 commercial bulk BN 2.0
4 IL/G-h-BN 26.3
5 IL/G-h-BN+H2O2 99.3 27.7
6 IL+H2O2 10.6c/93.5d 2.9/0.32
7 IL+G-h-BN+H2O2 47.4
8 IL/M-h-BN+H2O2 53.5 15.0
9 IL/commercial bulk BN+H2O2 7.7 2.1

aT = 30 °C, m (catalyst) = 0.05 g, t = 80 min, n (O)/n (S) = 4.0, V
(oil) = 5 mL. bThe catalyst is based on IL. cT = 30 °C, m (catalyst) =
0.005 g (this mass equals with the amount of IL in 0.05 g IL/G-h-BN),
n (O)/n (S) = 4.0, V (oil) = 5 mL. dT = 40 °C, m (catalyst) = 0.4 g n
(O)/n (S) = 6.0, V (oil) = 5 mL; model oil, 500 ppm DBT; M-h-BN,
multilayers h-BN; G-h-BN, graphene-analogue h-BN; IL,
[(C6H13)3PC14H29]2W6O19.
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39.4%, 32.5% and 2.0%, respectively. The enhancement of
adsorptive desulfurization of G-h-BN may be attributed to the
higher specific surface area. When G-h-BN was supported with
IL, adsorptive desulfurization of IL/G-h-BN decreased to
26.3%, which may result from the decrease of specific surface
area and some adsorptive active sites were occupied by IL.
Notably, with addition of H2O2 in the heterogeneous IL/G-h-
BN reaction system, sulfur removal rose significantly, reaching
99.3% (TOF = 27.7). However, sulfur removal of homoge-
neous equal catalysts of ILs themselves (0.005 g) was only
10.6% and TOF was only 2.9 under the same reaction
conditions, revealing that the sulfur removal in IL/G-h-BN
heterogeneous catalysts improved greatly than that in the IL
homogeneous system. After optimizing the reaction conditions,
with 0.4 g IL, H2O2 and DBT with a molar ratio of 6:1 and 40
°C reaction temperature, 93.5% sulfur removal was also
achieved. However, in this IL homogeneous system and
reaction temperature, the amount of IL and H2O2 increased
remarkably and TOF was only 0.32. The usage amount of IL
was 80-fold as that of heterogeneous IL/G-h-BN. Notably,
TOF of IL/G-h-BN reached 27.7, which was not only higher
than homogeneous equal catalysts of ILs themselves (2.9 and
0.32) but also superior to the most reported catalysts in Table
S1 (Supporting Information). Although IL/G-h-BN was a
heterogeneous catalyst in oxidative desulfurization, higher
catalytic activity was presented compared with the homoge-
neous catalyst of ILs themselves. Moreover, when the same
amount of IL was supported on the M-h-BN and commercial
bulk BN, only 53.5% and 7.7% sulfur removals were exhibited.
These results indicated that G-h-BN and IL showed excellent
synergetic effects to enhance the catalytic activity, and the
number of h-BN layers played an important role in oxidative
desulfurization. The catalytic activity of few-layer h-BN
supported with IL was much higher than that of multilayer h-
BN supported with IL.
It was worth noting that the high activity of IL/G-h-BN was

not only attributed to the large BET surface of G-h-BN and the
high dispersion of ionic liquid, but also assigned to the special
two-dimensional structure of G-h-BN, which can adsorb
substrate DBT and oxidant. In this reaction system, G-h-BN
has a virtual orbital of B, presenting some Lewis acidity.60 The
planar-structure DBT molecules with lone pair electrons in S
atom or the occupied π-electrons of DBT π-conjugate system
may donate the virtual orbitals of B, which enhanced the
surface absorbability of IL/G-h-BN with substrates.65,66 In the
same way, H2O2 was adsorbed on IL/G-h-BN easily and
combined with tungsten-based IL to oxidize DBT. We inferred
that sulfur compounds and oxidant developed local high
concentrations on the IL/G-h-BN surface, enhancing the
catalytic activity of IL. This proposal could explain that the
IL/G-h-BN, as a heterogeneous catalyst, presented higher
catalytic activity than the homogeneous catalyst of ILs
themselves in oxidative desulfurization. In contrast, IL/M-h-

BN exhibited low catalytic performance, which was ascribed to
smaller surface sites. The higher surface not only led to high
dispersion of IL but also exposed more active sites of h-BN for
DBT and H2O2 adsorption. The more adsorptive sites are
responsible for the higher local concentration of DBT and
oxidizing species, leading to the possibility for DBT to contact
and react with peroxo species adequately. Simultaneously, once
the oxidation of DBT on the surface of IL/G-h-BN took place,
the unoxidized substrates in the oil phase might be delivered to
the surface of IL/G-h-BN, which remained high concentration
of substrates and oxidant on the surface of catalyst and was
another contribution to the high catalytic activity. In
conclusion, it was synergetic effects of IL and G-h-BN that
made IL/G-h-BN outstanding catalyst for deep oxidative
desulfurization. To prove the synergetic effect of IL and G-h-
BN, we carried out the experiment of desulfurization using a
simple mixture of IL and G-h-BN. Under the same reaction
conditions, the sulfur removal was only 47.4%, which was lower
than that of the IL/G-h-BN catalyst.
On the basis of the above discussions, we proposed the

reaction mechanism in Scheme 1. We found that the oxidative
desulfurization initiated with adsorption of H2O2 and DBT over
the surface of IL/G-h-BN subsequently or simultaneously.
H2O2 reacted with W6O19

2− to form corresponding peroxo
species [WxOy(O)2]

z−,56 then the peroxo species further
reacted with adjacent adsorbed DBT on the surface of IL/G-
h-BN. After the products desorbed from the surface of IL/G-h-
BN, the catalyst could be recovered and reused in the following
adsorption-oxidation reactions.
To further prove the mechanism of adsorption and catalytic

oxidative desulfurization, sulfur compounds in model oil and in
catalyst phase were measured by GC−MS. After reaction, the
upper phase (model oil) was withdrawn and analyzed directly
by GC−MS, whereas the catalyst phase was re-extracted by
tetrachloromethane, and then the obtained tetrachloromethane
solution was tested by GC−MS. The remnant sulfur species in
the model oil were only DBT and there were no oxidized sulfur
species, which could be proved by GC−MS. (Figure 7). As for
the sulfur species in the catalyst phase, the results showed that
DBT and DBTO2 were detected (Figure 8). These results
proved that DBT was adsorbed onto the surface of G-h-BN first
and then was oxidized, which agreed with the mechanism of
adsorption and catalytic oxidative desulfurization.

Optimization of Oxidative Desulfurization Parame-
ters. Some factors including the effect of system temperature,
reaction time and usage amount of H2O2 were investigated in
detail because of their importance for the potential industrial
process. Figure 9 reveals effects of reaction temperature and
time on sulfur removal. In the oxidative desulfurization system,
the effect of reaction temperature, such as 20, 30, 40 and 50 °C,
was investigated at molar ratio of H2O2 and sulfur compound
(O/S) = 4:1. The results indicated that sulfur removal was
81.0% after 80 min at 20 °C. It was likely that the oxidation at

Scheme 1. Proposed Mechanism of Oxidation of DBT on IL/G-h-BN
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low temperature was limited by kinetics. At a higher reaction
temperatures, sulfur removal was enhanced obviously. With the
increase of reaction temperature, sulfur removal improved as
well during 20 min. However, after 60 min, reaction at 30 °C
exhibited the highest activity, which might lie in that H2O2
decomposed dramatically at higher temperatures and the
utilization of H2O2 was low. Therefore, 30 °C was chosen as
the most optimiztic reaction temperature, which was efficient
and economic. Then, effect of the amount of H2O2 was
investigated at 30 °C for 80 min. The result of GC
chromatogram (Figure S2, Supporting Information) of model
oil with different O/S molar ratio showed that when O/S molar
ratio increased from 2:1 to 3:1, sulfur content decreased from
140 to 23 ppm. Finally, the O/S molar ratio of 4:1 was chosen

as the optimal molar ratio with sulfur residue 3 ppm, which
achieved deep desulfurization.

Influence of Different Sulfur-Containing Compounds.
Figure 10 presents the influence of different sulfur-containing

compounds. In the desulfurization system, the feature of the
substrates is of great importance in affecting the sulfur removal.
Herein, DBT and another two inflexible substrates 4,6-
dimethyldibenzothiophene (4,6-DMDBT) and benzothiophene
(BT) were investigated. The removal of DBT, BT and 4,6-
DMDBT was 99.8%, 43.4% and 88.7% after 100 min,
respectively. The oxidative activity decreased in the following
order: DBT > 4,6-DMDBT > BT. This order agreed well with
the reported polyoxometalate-based catalysts.61,62 On the basis
of the experimental data and references,50,67,68 we inferred that
the reactivity of sulfur-containing compounds was affected
synergistically by two facets. For one thing, IL/G-h-BN showed
different adsorption capabilities to three sulfur compounds,
following the order of DBT > 4,6-DMDBT > BT. The higher
adsorption capability produced the higher concentration of
substrates on the surface of the catalyst, which was a benefit for
the catalytic activity. Also, sulfur compounds’ electron density
as well as the steric hindrance around the sulfur atoms affected
catalytic activity. The electron density of DBT, BT and 4,6-
DMDBT was 5.758, 5.739 and 5.760, respectively.67 The
electron density on the sulfur atom of BT is the lowest, leading
to the low reactivity. For DBT and 4,6-DMDBT, the electron
density on the sulfur is very close. Therefore, reactivity of DBT
> 4,6-DMDBT was mainly affected by the steric hindrance of
the methyl groups. Based on the previous research, it was
relatively easy for BT to be removed from fuels by
hydrodesulfurization (HDS), but DBT and 4,6-DMDBT were
refractory in HDS. Therefore, this oxidative desulfurization
system may be a complementary method to HDS.

Recycling of the Catalyst. The recycling performance for
IL/G-h-BN was investigated on the removal of DBT in model
oil. No additional treatment was made between the repetitive
runs and the recycling of this catalyst was easy to implement.
After the first reaction, the solid phase could be separated by
centrifugation. After separation, the solid phase was heated to
remove the residual oil and H2O2. Then, fresh H2O2 and model
oil were poured into the reactor for the next reaction. After
recycling for five times, sulfur removal decreased from 99.3% to
93.4% (Table 2). The result indicated that the desulfurization
system could be recycled 5 times with a little decrease in

Figure 7. GC−MS analysis of oil phase.

Figure 8. GC−MS analysis of catalyst phase.

Figure 9. Effects of reaction temperature and time on sulfur removal.
Reaction conditions: n (O)/n (S) = 4.0; V (oil) = 5 mL; m (IL/G-h-
BN) = 0.0500 g; t = 80 min.

Figure 10. Influence of sulfur-containing compounds. Reaction
conditions: T = 30 °C; n (O)/n (S) = 4.0; V (oil) = 5 mL; m (IL/
G-h-BN) = 0.0500 g; t = 80 min.
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desulfurization activity. With more recycling times, more and
more precipitation (DBTO2) was separated from oil phase,
which achieved removing sulfur compounds from oil. We
postulate that DBTO2 isolates possibly cover some active
species of IL/G-h-BN, leading to a little reduction in sulfur
removal.
Analysis of the Fresh Catalyst and the Recycled

Catalyst. FT-IR, XRD and UV−DRS characterizations were
taken to research the fresh catalyst and recycled catalyst. The
FT-IR results are listed in Figure 11. There was no change in

the structures of fresh IL/G-h-BN and recycled IL/G-h-BN,
and the two main peaks around 804 and 1382 cm−1 could still
be found. However, it was worth noting that a new peak around
1160 cm−1 could be found in recycled catalyst, which could be
attributed to the band of SO. It suggested that the products
of oxidized sulfur compounds would be sulfone, and they were
adsorbed on the surface of the catalyst. Additionally, in the
XRD (Figure 12) and UV−DRS (Figure 13) spectra, compared
recycled catalyst with fresh catalyst, the emerging peaks was
ascribed to the sulfone of DBT,69 which was also proved by the
above GC−MS analysis. So, these results further demonstrated
the mechanism of adsorption and catalytic oxidative desulfur-
ization.

■ CONCLUSIONS
In summary, we have successfully designed a novel graphene-
analogue hexagonal boron nitride as a thermostable and
chemically stable support coated with tungsten-based ionic
liquid and explored its application in adsorption combined with
catalytic oxidative desulfurization system. The reaction
condition was very mild and sulfur removal of DBT-containing
model oil could reach 99.3% at 30 °C. The graphene-analogue
h-BN supported with ionic liquid exhibited much higher
catalytic activity than multilayer h-BN supported with ionic
liquid. The recovered IL/G-h-BN could be recycled for five
times without significant loss of catalytic efficiency. GC−MS
and FT-IR were employed to research and validate the reaction
mechanism and reaction products. This work also provided a
new strategy of designing high activity heterogeneous catalysts
for other organic reactions, such as esterification, epoxidation
reaction and so on.
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